1. Introduction {#sec0005}
===============

The end of the year 2019 marked the beginning of a new challenge for humanity when several cases of severe respiratory ailments were reported in the city of Wuhan, Hubei province, China. The cases were earlier confused with regular flu and thought to be caused by the normal seasonal influenza virus. The accurate prognosis of the illness was very difficult to make in the beginning but was simulataneously identified to be a virus borne disesase. Due to the increasing severity in the following days, on January 1, the virus was declared novel. Upon the complete phylogenetic analysis of the viral genome consisting of 29,903 nucleotides, it was found that this novel coronavirus had 89.1 % similar nucleotides to a class of Severe Acute Respiratory Syndrome (SARS) -- like coronavirus. This novel virus belonged to the genus Betacoronavirus having the subgenus Sarbecovirus \[[@bib0005]\]. The novel coronavirus was earlier known to be found in Chinese bats \[[@bib0010]\]. WHO has assigned a brief name to the virus, SARS-CoV-2 and COVID-19 is the name assigned to the SARS-CoV-2 associated disease.

Till date no dedicated therapeutic or vaccination strategies have been implemented or confirmed to prevent COVID-19. Accessory therapeutic manueveurs including corticosteroid mediated inflammation reduction, convalescent plasma therapy, antibiotics for treatment of secondary bacterial sepsis and non-specific antivirals, etc., do not show much effectivity in severe cases of COVID-19. The main reason behind the failure of these therapies is the cytokine storm in the lungs generated by the virus. In the computed tomography scans, these cytokine storms (an augmented immune response in the body towards any external stimulus) appear as inflammatory lesions with ground-glass opacity \[[@bib0015],[@bib0020]\].

Most of the gravely sick and deceased patients do not develop any severe clinical manifestations in the earlier stages of COVID-19. The commonly reported symptoms are cough, throat pain, mild/high fever, muscle soreness, or body ache. A sudden deterioration in the health condition of the patients are seen in the later stages of diseases progression. Rapid failure of multiple organs and ARDS (Acute Respiratory Distress Syndrome) results in death within a very short period of time. Cytokine storm has been indicated as the presumable causal factor for ARDS and multiple organ failure \[[@bib0025],[@bib0030]\] ([Fig. 1](#fig0005){ref-type="fig"}).Fig. 1Classification of COVID-19 on clinical basis issued by the National Health Commission of China.Fig. 1

WHO has approximated the case fatality rate (CFR) of COVID-19 as ranging from 0.3 to 1%, higher than that of influenza A which has a CFR of 0.1 %. Various epidemiological studies conducted in countries implementing COVID-19 mitigation strategies has reported that around 80 % of patients suffering from COVID-19 had symptomless or mild disease. 14 % of the patients had severe ailments, and 6% of them were in critical condition \[[@bib0035]\] ([Fig. 2](#fig0010){ref-type="fig"}).Fig. 2Data obtained from epidemiological studies conducted in various countries reporting the incidence of COVID-19 suggested that (**A**). 80 % of the patients suffering from COVID-19 were asymptomatic. (**B**). 14 % of them had severe symptoms, and (**C**). 6% of the reported patients were critically ill.Fig. 2

1.1. Pathogenesis of SARS-CoV-2 {#sec0010}
-------------------------------

SARS-CoV-2 recognizes the angiotensin I converting enzyme 2 (ACE2) receptor by its spike glycoprotein (SARS-CoV-2S), which is a class I fusion protein. The virus is consecutively fused with the host cells. S1 subunit, via its receptor-binding domain, mediates the attachment of the spike protein. The protein changes its conformation after binding with the receptor. S2 domain of the spike protein is responsible for membrane fusion and internalization of the virus \[[@bib0040]\]. The host cell entry and spread are facilitated by priming of the spike protein of the virus by cellular transmembrane protease, serine 2 (TMPRSS2) \[[@bib0045], [@bib0050], [@bib0055]\].

In the lungs, the ACE2 receptor and TMPRSS2 is commonly expressed in alveolar type II cells along with capillary endothelial cells. Therefore the characteristic symptom of SARS-CoV-2 infection is the severe respiratory ailment. This viral infection within the lungs results in a cytokine storm, thus elevating the level of many pro-inflammatory cytokines. The increased level of these cytokines leads to oedema, dysfunction in exchange of air, acute respiratory distress, and various other secondary infections, which may eventually cause death \[[@bib0045], [@bib0050], [@bib0055], [@bib0060]\].

1.2. Why mesenchymal stem cells? {#sec0015}
--------------------------------

Presently, cell-based therapy, and above all, stem cell therapy has proven itself to be one of the most promising therapeutic approaches that provide opportunities to treat several diseases that were considered incurable earlier \[[@bib0065]\]. MSC therapy is preferred over other therapeutic strategies because they are free of ethical and social issues, they have a high proliferation rate and a low invasive nature. Mesenchymal cells can be obtained from various sources, including adipose tissues, dental pulp, bone marrow, umbilical cord, menstrual blood, fetal liver, and Bichat\'s fat pad.

MSCs can also be isolated from various adult tissues such as the infrapatellar fat pad, abdominal fat pad, and tissues associated with neonates such as placenta, Wharton\'s (gelatinous substance providing insulation and protection to the umbilical cord) jelly, cord blood, and amniotic fluid. These stem cells are multipotent (i.e., having several fates). Storage of mesenchymal cells can be done so that they can be repetitively used for therapeutic purposes as they expand to volume in a suitable and short period of time. So far, the clinical trials of mesenchymal stem cells have not shown any unfavorable reaction towards the allogeneic MSCs. The efficacy and safety of the MSCs have been documented in many clinical trials very well \[[@bib0070]\].

1.3. Therapeutic achievements {#sec0020}
-----------------------------

Remarkable reversal of severe COVID-19 symptoms even in critical condition were reported in two clinical studies conducted in China. These clinical studies discovered a novel therapeutic strategy as well as existing natural mechanism resisting acute inflammatory pneumonia.

A total of ten patients were taken as subjects, and the study was conducted on seven SARS-CoV-2 positive patients, out of which four of them showed severe symptoms, two showing common types of the syndrome, and one of them was critically ill. The other three patients with severe symptoms were enrolled for placebo control \[[@bib0045]\]. Clinical-grade human MSCs were intravenously administered to each of the seven patients. The patients were treated with 1 × 10^6^ MSCs per kilogram body weight while their condition was worsening severely. They were observed for a total period of 14 days. Before the infusion of MSCs, all the patients had high fever (body temperatures ranging from 38.5 °C to 39 °C), reduced oxygen saturation, dyspnea (shortness of breath) and pneumonia. The study showed that almost all the symptoms displayed by the patients before infusion, subsided under 2--4 days after they received the infusion. The oxygen saturation, with or without oxygen uptake (approximately 5 L/minute), rose to ≥ 95 % at rest. The profile of the immune system constitution was investigated during MSC transplantation. CyTOF (mass cytometric) analysis of peripheral blood of the patient was done, revealing the fact that The peripheral lymphocytes increased after the treatment, with a shift towards the regulatory phenotype for both dendritic cells and CD4^+^T cells. In case of the two patients having common symptoms, no significant increase in dendritic cells (DC,CXCR3^−^) or CXCR3- (regulatory T cells) were reported. Whereas in the case of the patients with severe symptoms, both dendritic cells as well as regulatory T cells were found to have increased following the treatment. Also, in the 3 severe control patients enrolled for placebo treatment, no significant increase in CXCR3^−^ dendritic cell were observed. The percentages of CXCR3^+^CD^+^T cells, CXCR3^+^CD4^+^T cells and CXCR3^+^ natural killer cells in the peripheral blood mononuclear cells were remarkably high compared to the healthy control, before the MSC infusion. This triggered the cytokine storm as a result of inflammation. But within 6 days, it was found that the overactivation of natural killer cells, as well as T cells, nearly subsided, and the subpopulation of the cells reverted to the normal levels. The MSC infusion didn\'t show any side effects. CT scans of chest revealed that pneumonia infiltration was remarkably reduced. Most of the patients were reported negative for the SARS-CoV-2 nucleic acid test within 7--14 days after the infusion. The most exciting and extraordinary finding of the study was the overall improvement of an elderly patient who was critically ill previously.

Another study involved a critically ill ventilator ridden COVID-19 patient who was administered with human umbilical cord MSC (hUCMSC). This patient was treated with 3 infusions of 5 × 10^7^ hUCMSC at the interval of 3 days, and the patient was able to walk within 4 days of her second cell infusion. The essential parameters like T-cell counts were restored back to normal levels. The patient displayed no observable side effects \[[@bib0075]\]. Till date about 17 completed clinical studies along with 70 trials are registered on <https://clinicaltrials.gov> reported positive results in treating respiratory disorders using MSCs. The study entitled "A study to evaluate the potential role of mesenchymal stem cells in the treatment of idiopathic pulmonary fibrosis" (clinical trial number: NCT01385644) was mainly aimed to provide evidence of safe infusion of placental MSCs from unrelated or related Human leukocyte antigen (HLA) mismatched or HLA identical donors in the Idiopathic Pulmonary Fibrosis (IPF) treatment. Results of the study provided evidence of stabilized and improved lung function. The other study entitled human mesenchymal stem cells for acute respiratory distress syndrome (ARDS) was aimed to infuse allogenic bone marrow derived human MSCs intravenously in patients having ARDS and assess the safety of the intravenous infusion (clinical trial number: NCT01775774). The study was conducted in two phases, with the first phase involving the intravenous infusion of stromal MSCs in 9 patients with ARDS. It was revealed that the infusion of the MSCs was safe and no treatment-related adverse events or infusion-linked events were reported \[[@bib0080]\]. The second phase of the study suggested that the severity of acute lung injury was reduced in a sheep model having bacterial pneumonia on treatment with hMSCs \[[@bib0085]\].

Out of the 70 registered trials, one registered trial (clinical trial number: NCT04313322) at <https://clinicaltrials.gov> involved the intravenous administration of Wharton's Jelly MSCs (3 doses consisting of 1 × 10^6^/kg, 3 days apart) for treatment of COVID-19 diagnosed patients. Another registered trial (clinical trial number: NCT04315987) suggested the use of NestCell®, which is an MSC therapy produced by Cellavita (Germany based company) and has proved safe in various clinical trials. One registered trial was estimated to enroll 24 subjects diagnosed with COVID-19 (between 18--75 years of age) for treatment of SARS-CoV-2 induced pneumonia using MSCs obtained from dental pulp (clinical trial number: NCT04302519). Several other trials included the use of umbilical cord MSCs for treating COVID-19 triggered pneumonia. Also, Chinese clinical trial registry site, <http://www.chictr.org.cn>, has reported registration of 20 clinical trials in this regard.

2. MSC therapy: analysis of outcomes {#sec0025}
====================================

COVID-19 triggers an exaggerated immune reaction in the body by producing large amounts of various inflammatory factors including several cytokines, chemokines and immune reactive cells. It can be hypothesized that the MSC therapy might prevent the triggering of cytokine storm by the activated immune system, and the reparative properties of the stem cells might promote endogenous repair \[[@bib0090]\]. Mesenchymal stem cells when intravenously injected will lead to some part of the population getting entrapped in the lungs. While trapped within the lungs, a wide variety of soluble mediators, including antimicrobial peptides, anti-inflammatory cytokines, extracellular vesicles, and angiogenic growth factors are released by the MSCs \[[@bib0095], [@bib0100], [@bib0105]\]. The pattern of anti-inflammatory mediators released is specific for the inflammatory lung environment encountered. The pattern of these released mediators are regulated through differential activation of the damage and pathogen-associated molecular pathogen receptors expressed on the cell surfaces of MSCs \[[@bib0110]\], including TLRs (toll-like receptors) that, in case of COVID-19, are activated by viral unmethylated CpF-DNA (TLR9) and viral RNA (TLR3), leading to sub sequential cellular signalling pathways and thereafter activation of MSCs \[[@bib0115]\]. Keratinocyte Growth Factor (KGF) and angiopoietin-1 (Ang-1) secreted by MSCs promote the restoration of disrupted alveolar-capillary barriers due to the pathogenesis of ARDS \[[@bib0120]\]. Extracellular vesicles containing specific miRNA ans inhibitory mRNAs are also known to regulate the protective effects of MSCs in pre-clinical models of non-infectious acute lung inhuries or bacterial sepsis in lungs \[[@bib0125]\]. The pulmonary microenvironment could be recovered with the help of these MSCs, thus protecting the alveolar epithelial cells. Hence, pulmonary fibrosis of the lungs could be prevented, which may lead to curing COVID-19 caused pneumonia. In the multiple disease condition, the immunomodulatory effects will be responsible for improved function after MSC infusion. A variety of paracrine factors are secreted by these cells. These paracrine factors interact with the immune cells, eventually leading to immunomodulation. The vigorous anti-inflammatory activities of MSCs will actually be responsible for improvements after their infusion in COVID-19 patients.

It has been found that after infusion of MSCs in COVID-19 patients, the number of peripheral lymphocytes increased while the levels of C-reactive protein (CRP) decreased. The overactivated cytokine-secreting immune cells dwindled within 6 days in the circulating blood. Furthermore, after the MSC treatment, the population of regulatory dendritic cells (CD14^+^CD11b^mid^) increased. A major pro-inflammatory cytokine, TNF-α (Tumour Necrosis Factor), exhibited a decline in its levels in the MSC treated COVID-19 patients, with an elevation in the concentration of IL-10 (Interleukin-10) compared to the patients treated with conventional therapy \[[@bib0045]\]. [Table 1](#tbl0005){ref-type="table"} depicts the various immunomodulatory interventions by the MSCs.Table 1Mesenchymal Stem Cells deprived of ACE2 receptors benefit the patients having SARS-CoV-2 infection via immunomodulatory functions \[[@bib0045]\].Table 1Pathological ComplicationsMSC therapy intervention\
*(Immunoregulatory functions)*1Pulmonary inflammatory lesions1Improvement of lung function and pulmonary fibrosis by lung aggregation and protection of alveolar epithelium2Elevation in the levels of aspartic aminotransferase and creatine kinase in the serum enzymes as a result of multiple organ failure2Promotion of endogenous repair in the tissue/cellular organization by improvement in the microenvironment of organization3Reduction and overactivation of CD4 and CD8T cells as a result of immune cell depletion3Reorganization/rearrangement of functions of immune cell subsets4Induction of cytokine storm leading to enhanced levels of IL-7, IL-2, IP10 (serum interferon-gamma-inducible protein-10), MCP-1 (monocyte chemoattractant protein-10), GCSF (granulocyte colony stimulating factor), MIP-1α (macrophage inflammatory protein) and TNF-α4Regulation of inflammatory cytokines and inhibition of T and B lymphocytes

For further elucidation of the underlying mechanisms of MSC-dependent treatment of COVID-19 patients, 10 x RNA-sequencing was done \[[@bib0045]\], which implicated that MSCs were free from infection with SARS-CoV-2. The fact that MSCs are resistant to viral infections compared to their differentiated progenies, reflects the significant role played by the intrinsic ISGs (interferon-stimulated genes) in these cells. The expression of ISGs forestalls viral infection \[[@bib0130]\]. MSCs express several ISGs including Interferon Induced Transmembrane Family (IFITM), SAT1, IFI6, PMAIP1, ISG15, CCL2, p21/CDKN1a etc., many of which are known to show typical anti-viral responses. The member proteins of the Interferon Induced Transmembrane Family are peculiar as they pre-empt infection before the virus can cross the lipid bilayer of cell.

This activity attributed to the IFITM proteins prevented infection of cultured cells by several viruses like Ebola virus, influenza A virus, dengue virus and SARS coronavirus \[[@bib0135]\]. Thus the two unique antiviral mechanisms provided by MSCs, in the context of respiratory viral infection like COVID-19, are constitutive elevation of levels of MSC-specific ISGs to act as regulators of antiviral protection and secondary response to IFN, which induces ISG and hence offers broad viral resistance.

3. Conclusion {#sec0030}
=============

SARS-CoV-2 (novel coronavirus) and SARS-2003, both have a similar mechanism of infection, i.e, binding the spike protein on the viral surface to the ACE2 receptors on the host cell surface. Thus all the tissues and organs expressing the ACE2 receptor are susceptible to the SARS-CoV-2 infection. Since the alveolar epithelial cells have a high propensity of ACE2 receptors, they are the most adversely affected during SARS-CoV-2 infection. The devastating cytokine explosion attributed to the SARS-CoV-2 infection leads to severe shock, oedema and multiple organ failure. Administering the COVID-19 patients with an infusion of multipotent MSCs can help to combat the COVID-19 as these cells will inhibit the exaggerated immune response and encourage endogenous repair of the lung epithelial cells by improving the microenvironment. The mesenchymal stem cell therapy has not tey shown any adverse side effects on the patient. In this review we have highlighted all the implications associated with MSC therapy application in case of COVID-19 and strongly place our argument in support of this.
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